Extrapolation of the effects of ozone on seedlings to large trees and forest stands is a common objective of current assessment activities, but few studies have examined whether seedlings are useful surrogates for understanding how mature trees respond to ozone. This two-year study utilized a replicated open-top chamber facility to test the effects of subambient, ambient and twice ambient ozone concentrations on light-saturated net photosynthesis (Pmax) and leaf conductance (gl) of leaves from mature trees and genetically related seedlings of northern red oak (Quercus rubra L.). Gas exchange measurements were collected four times during the 1992 and 1993 growing seasons. Both Pmax and gl of all foliage followed normal seasonal patterns of ontogeny, but mature tree foliage had greater Pmax and gl than seedling foliage at physiological maturity. At the end of the growing season, Pmax and gl of the mature tree foliage exposed to ambient (≈80--100 ppm-h) and twice ambient (≈150--190 ppm-h) exposures of ozone were reduced 25 and 50%, respectively, compared with the values for foliage in the subambient ozone treatment (≈35 ppm-h). In seedling leaves, Pmax and gl were less affected by ozone exposure than in mature leaves. Extrapolations of the results of seedling exposure studies to foliar responses of mature forests without considering differences in foliar anatomy and stomatal response between juvenile and mature foliage may introduce large errors into projections of the response of mature trees to ozone.
Introduction
Photosynthesis and respiration of leaf and stem tissues are key measurements in stress studies, because of their potential relationship to plant dry matter accumulation. For plant species of small stature and relatively simple canopy structure, individual leaf responses to manipulated environments have been widely studied, but it is not clear whether similar measurements with large trees would yield the same results (Pye 1988 , Cregg et al. 1989 . The characteristics of large trees that differ from those of seedlings include increased respiratory mass of structural tissues, substantial resistances to water and nutrient flux within large stems, modified water and nutrient availability as a result of greater root exploitation of soils, mutual shading of foliage within complex canopies, and the presence of ''mature'' characteristics such as increased carbon demands of support tissue and reproduction.
Ultimately, it is desirable to generalize measurements taken at the seedling or tissue level to mature trees and forests, and an understanding of differences between stress-induced foliar responses of seedlings and those of canopy foliage (if they exist) is an essential first step in this process.
Observations on an unreplicated study of the impacts of tropospheric ozone on foliage of mature trees and seedlings of northern red oak (Quercus rubra L.) indicated that mature tree foliage was more sensitive to external ozone exposure than seedling foliage, which showed essentially no response (Edwards et al. 1994 ). Samuelson and Edwards (1993) similarly reported no impact of ozone on northern red oak seedling foliage, but found a consistent reduction in foliar photosynthetic characteristics of mature tree foliage in response to ozone exposure. To obtain more detailed information about the impacts of tropospheric ozone on northern red oak, we have analyzed seasonal patterns of responses of mature tree and seedling foliage to external and internal ozone exposures. Specific objectives were to (i) quantify the direct effects of variable ozone exposures on seasonal patterns of light-saturated photosynthesis, leaf conductance and leaf water status for mature tree and seedling leaves, and (ii) evaluate leaf conductance to ozone as a mechanism explaining variable ozone sensitivity between tree and seedling foliage.
Methods

Experimental design
The field performance of the experimental facility and the preparation of plant materials have previously been described by Samuelson and Edwards (1993) and Edwards et al. (1994) . Briefly, nine mature northern red oak trees located in a 30-year-old seed orchard operated by the Tennessee Valley Authority (Norris, TN) were individually enclosed in large open-top chambers (4.6 × 8.2 m) and exposed to one of three regimes of ozone exposure: subambient conditions provided by charcoal-filtered air (CF), ambient air (Amb.) or twice the ambient concentration of ozone (2×). Two-year-old northern red oak seedlings grown from acorns collected in the seed orchard were transplanted to 24-l pots and placed in standard open-top chambers (3.0 × 2.4 m) for exposure to the same ozone treatments. The study was initiated in 1992 with 90 seedlings per treatment (30 per standard chamber) and three mature trees per treatment (one per chamber). All ozone treatments were initiated in early April of the 1992 and 1993 growing seasons, and were discontinued prior to fall senescence (late September). All trees and seedlings were irrigated to maintain optimum water conditions (>−0.5 MPa soil matric potential) throughout each growing season.
Foliar measurements
Seasonal patterns of light-saturated photosynthesis (P max ), leaf conductance to water vapor (g l ) and leaf water potentials were measured during four 2-to 3-day measure-ment periods in 1992 and 1993. In 1992, measurements were made during the weeks of May 12, June 16, July 29 and September 15. The 1993 measurements were conducted during the weeks of May 24, July 7, August 17 and September 17. The May sampling periods in 1992 and 1993 corresponded to periods of leaf expansion for both the mature trees and seedlings. For each measurement date, 6--8 leaves from each mature tree (mid-canopy and south aspect locations) and one leaf from 6--8 seedlings per chamber were evaluated for their light-saturated gas exchange characteristics (P max and g l ), and an additional pair of leaves was used to assess leaf water potentials. The seedlings produced more than one flush of leaves within each growing season, but only the response of the first-flush leaves to ozone exposures was considered, because the first-flush leaves had the same ozone exposure duration as the mature tree leaves. All measurements were made between 1000 and 1500 h, and sampling was conducted by blocks, with each block containing samples from each of the three treatments.
Both Pmax and gl were measured with a portable photosynthesis system employing a 1-l chamber (LI-6200, Li-Cor Inc., Lincoln, NE). Artificial lighting supplemented natural light under partly cloudy conditions to ensure that light-saturated conditions (PAR > 800 µmol m −2 s −1
) were present throughout each 40--50 s sampling interval. Seedlings were removed from the treatment chambers temporarily for these measurements, and observations were made on attached leaves. The measurements for mature tree leaves were conducted on detached leaves brought immediately to a central monitoring location (typically completed within 2 min). Premeasurement tests showed little change in foliar characteristics for up to 3 min following leaf detachment. Data were discarded if the sequential 20-s measurements did not agree. Leaf water potentials were determined for detached seedling and mature tree leaves with a Scholander pressure cylinder (PMS Instrument Co., Corvallis, OR) based on established protocols for hardwood foliage (Ritchie and Hinckley 1975, Pallardy et al. 1991) .
Foliage samples were saved after each measurement period of the 1993 growing season. Foliage area was determined with a Li-Cor leaf area meter, and then the foliage was freeze-dried before calculating the leaf mass per unit leaf area (g m ) and stomatal size (µm). A portion of the abaxial surface of 4--5 leaves per treatment was coated with clear nail polish to make an impression of the stomatal features. These impressions were then viewed with transmission lighting on a Nikon SMZ-U stereomicroscope (Nikon Corp., Tokyo, Japan) with a video interface at a combined optical and electronic magnification near 700×.
Calculations of internal and external ozone exposures
Total cumulative external ozone exposure (24-h Sum00) or dose expressed in ppm-h (converted from ppb-h for convenience) was determined by summing all mean hourly ozone concentrations for each treatment from calendar Day 101 through Day 260 of each growing season. We also calculated cumulative external ozone exposures for ozone concentrations above 60 ppb (24-h Sum06) by summing all mean hourly concentrations throughout the season exceeding the 60 ppb target concentration. This peak-weighted cumulative index of exposure assumes negligible ozone effects below the target concentration and has previously been shown to correlate well with many ozone response variables (Lee et al. 1988) .
Internal ozone uptake by foliage (nmol m −2 s −1
) was calculated as follows:
where [O 3 ] is the ozone concentration in nmol mol
, and g l,ozone is the light-saturated leaf conductance to ozone in mol m −2 s −1 derived from g l values adjusted for the diffusivity of ozone in air (i.e., multiplied by 0.6; Laisk et al. 1989) . This equation assumes an intercellular ozone concentration close to zero, and it has been documented for crop (Laisk et al. 1989 , Neubert et al. 1993 ) and woody plant (Skärby et al. 1987 , Taylor and Hanson 1992 , Wieser and Havraneck 1993 species. Cumulative ozone uptake (mmol m −2
) for the mature and seedling foliage was estimated for each treatment by integrating Equation 1 for all daylight hourly ozone concentrations from April 11 (Day 101) through September 17 (Day 260) of 1992 and 1993. Ozone uptake was assumed to be negligible during dark periods when g l is at a minimum. Beginning at zero on Day 101, foliar g l values were linearly interpolated between the four seasonal measurement periods for these calculations (e.g., if g l was measured to be 0.1 mol m −2 s −1 on Day X and 0.2 mol m −2 s −1 on Day X+10, then it was calculated to be 0.15 mol m −2 s −1 on Day X+5).
Statistical analyses
The experimental unit was the chamber for both the mature tree and seedling comparisons yielding three replications per treatment. Within an age grouping (i.e., tree versus seedling data) and date, responses of light-saturated photosynthesis, leaf conductance and leaf water potential to ozone were analyzed by a randomized block design with blocks and ozone treatments as the main effects. Repeated measures analyses of these variables were also conducted with ozone treatment as the betweensubjects main effect and seasonal sampling dates represented the repeated trials. May observations were not used for this analysis because of the predominant influence of leaf development. Although the repeated measures analysis is somewhat redundant with the within-date randomized block analyses, it was conducted to determine the consistency of the ozone response throughout the season (i.e., to test for interactions between ozone and time). However, the low replication reduced the power of the repeated measures analysis, making it advantageous to analyze the data within dates as well. No direct statistical analyses of ozone effects were performed for comparisons between tree and seedling foliar responses because of possible differences between environments in the standard and large tree exposure chambers, and because the mean square error differed between age classes (Samuelson and Edwards 1993) .
However, we conducted a tree versus seedling analysis to test for differences in leaf anatomical characteristics in August and September 1993. Linear regression analyses were used to evaluate the relationship between photosynthetic responses and the ozone exposure indices described previously. The regression analyses were conducted on the combined mean treatment response data from the 1992 and 1993 growing seasons. Combining the 1992 and 1993 data is appropriate for hardwoods, because the ozone exposures start each year at zero with the new foliage.
Results
Ozone exposures
The daily 7-h mean monthly ozone concentrations for the 1992 and 1993 seedling and mature tree treatments are shown in Figure 1 . Mean external ozone exposures for all three treatments in both years were similar for seedling and mature trees. There was no pronounced seasonal pattern in either year. However, the monthly 7-h mean ozone concentrations in 1993 were typically higher than those in 1992. For example, in June 1993, the subambient, ambient and twice ambient treatment concentrations (averaged across seedling and mature tree chambers) were 28, 46 and 55% greater, respectively, than the corresponding concentrations in 1992. Mean total cumulative external ozone exposures (24-h Sum00) were 34, 79 and 147 ppm-h in 1992 and 37, 95 and 188 ppm-h in 1993 for the subambient, ambient and twice ambient treatments, respectively. Seasonal maximum ambient 1-h mean ozone concentrations in 1992 and 1993 did not exceed the National Ambient Air Quality Standard for ozone (NAAQS = 120 ppb, US EPA 1986), but the twice ambient treatments exceeded 120 ppb on an average of 20 and 70 days in 1992 and 1993, respectively. Elevated ambient ozone concentrations in 1993 conveniently provided increased ozone exposures to test relationships between external and internal ozone exposure against foliar responses.
Foliar responses
Although the mature trees and seedlings were grown in the same soil and maintained at similar leaf water status (Table 1) , P max of mature tree foliage at physiological maturity (mid-June) was twice that of seedling foliage for leaves produced in the 1992 and 1993 growing seasons (Figure 2) . Similarly, leaf conductance to water vapor (g l ) of seedling foliage was about half that of the mature tree foliage during the Table 1 . Mean leaf water potential (± 1 SD) for mature tree and first-flush seedling foliage exposed to charcoal-filtered air (CF), ambient air (Amb.), or air containing twice the ambient ozone concentration (2×). Significant P-values for ozone treatment main effects < 0.10 are provided after the treatment means (ns = not significant, nd = no data). (Table 2) . Tree leaves had comparable or somewhat more negative midday water potentials than seedling leaves (Table 1) . In 1992, both mature tree and seedling foliage exhibited increasing Pmax and gl up to seasonal maxima in June followed by a gradual seasonal decline (Figure 2) . The 1993 pattern for mature trees was the same as in 1992, whereas seedling foliage had essentially constant Pmax throughout 1993, but gl increased from May to early July ( Figure 2 and Table 2 ).
At the end of the 1993 growing season, seedling leaves showed greater stomatal frequency than mature tree leaves (Table 3) which contrasts with the pattern for gl ( Table 2 ). The mean diameter of individual stomatal guard cell pairs, however, was greater for mature tree leaves than for seedling leaves. Mean leaf mass per area (LMA, g m ) of seedling leaves was lower than that of the mature tree leaves during the 1992 and 1993 growing seasons, but ozone had no effect on leaf anatomical characteristics for either the mature tree or seedling foliage (Table 3) .
In addition to the gradual seasonal decline in Pmax in the subambient ozone treatments, mature tree foliage also showed significant reductions in Pmax (Figure 1 ) and gl (Table 2 ) with increasing ozone concentrations by the end of each growing season. Repeated measures analysis of variance indicated a significant ozone response for mature tree foliage for the 1992 (P = 0.008) and 1993 (P = 0.002) growing seasons. Within-date analyses showed no effect of ozone on first-flush seedling Pmax (Table 2) for either the 1992 or 1993 complement of leaves. Repeated measures analysis of variance for the 1992 seedling leaves showed a trend toward reduced Pmax with increasing ozone exposures (P = 0.06), but the same analysis for 1993 seedling leaves showed no significant trend (P = 0.17). The data indicate that seedling Pmax is less sensitive to ozone exposure than Pmax of mature tree foliage.
Response of Pmax to internal and external ozone exposure
Combined 1992 and 1993 P max data for the mature tree and seedling foliage expressed as a function of internal ozone exposure ( Figure 3A ) and cumulative external exposure indices ( Figures 3B and 3C ) exhibited negative relationships. The significant negative linear relationships for the mature tree leaves explained approximately 80% of the variability in the data, whereas the seedling regression data showed poor relationships and explained only 22% of the variability (Table 4) . The relationship between mature tree P max and total internal or external (Sum00) exposure explained 76 and 83% of the observed response, respectively. In contrast, the threshold index (Sum06) explained only 49% of the observed response for the mature tree foliage. Use of the Sum06 ozone exposure index slightly improved the regression r 2 and Table 2 . Mean leaf conductance to water vapor (gl) (± 1 SD) for mature tree and first-flush seedling foliage exposed to charcoal-filtered air (CF), ambient air (Amb.), or air containing twice the ambient ozone concentration (2×). Significant P-values for ozone treatment main effects are provided after the treatment means (ns = not significant). 0.08 ± 0.01 0.14 ± 0.05 0.12 ± 0.03 0.11 ± 0.01 2× 0.08 ± 0.01 0.12 ± 0.02 0.13 ± 0.02 0.12 ± 0.02 P-value ns ns ns ns P-value for the seedling P max data. The negative relationships in Figure 3 include a component of seasonal decline due to ''natural'' aging processes (Hanson et al. 1988, Heichel and Turner 1983) . To remove the age influence from the relationship between Pmax and internal/external ozone exposure, the periodic seedling and mature tree Pmax values from Figure 3 were expressed relative to their respective mean Pmax values in charcoal-filtered air (Figure 4) . These plots allow a more direct comparison of mature tree and seedling responses relative to their respective absolute Pmax values, and they can be interpreted as a fractional reduction in Pmax values over time in response to ozone exposure. These normalized data retain the negative relationships between foliar photosynthetic capacity and cumulative internal or external exposures, and indicate separate relationships for seedlings and mature tree Pmax as a function of cumulative external exposure indices (Figures 4B and 4C) . Based on the tests recommended by Draper and Smith (1981) , we determined that the mature tree and seedling regressions for relative Pmax (Figure 4 ) were significantly different (P < 0.05) for all three exposure indices. Both ozone uptake and total cumulative external exposure (Sum00) ex- Table 3 . Mean leaf mass per area (LMA) and foliar stomatal characteristics for mature tree foliage and seedling leaves exposed to charcoal-filtered air (CF), ambient air (Amb.), or air containing twice the ambient ozone concentration (2×), and the combined mean value for tree versus seedling foliage. The P-values for ANOVA treatment main effects greater than 0.10 are listed as not significant (ns plained a large percentage (70%) of the mature tree relative Pmax response. Expressing the external exposure with the Sum06 did not improve the linear fit to the relative Pmax response for the mature tree foliage (Figure 4 , Table 4 ), but the regression of seedling relative Pmax data against the Sum06 index showed some improvement over the Sum00 index (r 2 = 0.36 and 0.28, respectively; Table 4 ).
Discussion
Mature versus seedling foliar characteristics
In both mature tree and seedling foliage, P max increased to a maximum in June at the time of physiological maturity ( Figure 2 ) and then declined gradually throughout the remainder of the growing season. The net photosynthetic rates and leaf conductances documented for the mature tree leaves near physiological maturity (June data) were Figure 3 . Light-saturated photosynthesis (Pmax) of mature tree () and seedling (᭺) leaves for combined data from the 1992 and 1993 growing seasons shown as a function of internal ozone uptake (A), total cumulative external ozone exposure (B, 24-h Sum00), and cumulative exposure to concentrations > 60 ppb (C, . Coefficients for the linear regressions are provided in Table 4 .
high compared with published data for oak seedlings and trees grown in ambient CO 2 , Heichel and Turner 1983 , Teskey and Shrestha 1985 , Jurik 1986a , Hanson et al. 1988 , but other studies , Hollinger 1983 , Epron et al. 1992 ) have reported ambient P max rates of 11 to 16 µmol m −2 s −1 for oak species. Higher P max rates have been documented in mature or reproductive age plants than in developing seedlings and saplings of Fagus sylvatica L. (Stickan and Zhang 1992) . Donovan and Ehleringer (1991) showed that similar differences in other species were dependent on the water status of the location. Seedling water stress did not cause reduced seedling P max and g l in our study. Samuelson and Edwards (1993) observed that the 1992 foliage of mature trees had greater LMA than seedling foliage. Jurik (1986b) found a strong positive correlation between mid-season LMA and net photosynthesis for a variety of hardwood species including northern red oak. Greater LMA in the mature tree leaves may indicate the presence of more leaf N and photosynthetic machinery for assimilation processes, although Reich et al. (1991) caution against simple extrapolations of these relationships. Increased sink activity or the amount of actively growing plant tissue has also been suggested as a possible reason for higher photosynthetic rates in oak leaves (Herold 1980 , Hanson et al. 1988 ). Table 4 . Regression coefficients (± SE) for the linear regressions in Figures 3 and 4 relating foliar response to ozone external (dose) or internal exposures (uptake). Significant probabilities (P-values) following the regression coefficients reflect a rejection of the null hypothesis that the slope of the linear regression is equal to zero.
Relationships
Linear coefficients 
Responses to ozone exposures
Seedling P max and g l showed little sensitivity to ozone exposures, whereas P max and g l of mature trees exposed to the highest ozone concentrations (2×) were reduced 50 and 70% below those of trees exposed to charcoal-filtered air in 1992 and 1993, respectively. The earlier development of significant ozone responses in the 1993 compared with the 1992 season (Figure 2 ) may be a result of the greater ozone concentrations in 1993. Our data indicate a differential sensitivity to ozone exposures between seedling and mature tree foliage confirming the preliminary report by Edwards et al. (1994) and the first-year responses summarized by Samuelson and Edwards (1993) . Although the analysis of variance within-date or across the season showed that the seedlings were minimally impacted by ozone exposures, the linear regressions Figure 4 . Relative light-saturated photosynthesis of the combined mature tree () and seedling data (᭺) versus internal ozone uptake (A), total cumulative external ozone exposure (B, 24-h Sum00), and cumulative exposure to concentrations > 60 ppb (C, . Relative Pmax values for trees and seedlings represent the fractional reduction from Pmax rates observed for their respective subambientozone-treated plants. Coefficients for the regressions are provided in Table 4. between Pmax or relative Pmax and ozone exposure for the combined 1992 and 1993 data showed significant negative slopes for both seedling and mature tree foliage. The larger negative slope for the mature tree foliage indicates their greater sensitivity to ozone, but the significantly negative slopes for the seedling foliage indicate some sensitivity to ozone.
The linear regressions between the relative Pmax data and the indices of ozone exposure represent the fractional reduction in foliar photosynthetic capacity with increasing exposure and can be used to predict percent reductions in Pmax for a range of ozone exposures. For the ambient ozone concentrations in 1992 and 1993, corresponding to a total cumulative external ozone exposure between 70 and 100 ppm-h (24-h Sum00), we predict essentially no impact on seedling Pmax, but an approximately 25% reduction in mature tree foliage Pmax by the end of the growing season. At maximum external ozone exposures (Sum00 > 150 ppm-h), mature tree and seedling Pmax were reduced about 70 and 10%, respectively, below rates observed for foliage exposed to subambient ozone concentrations.
Differential sensitivity of mature and seedling foliage
Differential sensitivity to ozone may result from a range of characteristics including stomatal limits on internal uptake, ozone scavenging by chemical antioxidants, and variable sensitivity of cellular constituents to ozone attack , Chameides 1989 , Luwe et al. 1993 . These mechanisms allow plants to tolerate or avoid the deleterious effects of ozone on physiologically sensitive cellular constituents (Taylor 1978) . Foliar repair mechanisms may be another means by which leaves tolerate ozone damage Taylor 1982, McLaughlin 1985) , but there is little evidence of such mechanisms in fully expanded foliage.
Several authors have suggested that ozone damage may primarily result from the cumulative exposure of internal, physiologically sensitive, cellular surfaces to ozone (Thorne and Hanson 1972 , Cracker and Starbuck 1973 , Reich 1987 , and it follows that differential ozone uptake might be responsible for observed differences in sensitivity. The low leaf conductance of our seedlings and their less sensitive response to ozone exposure support this hypothesis. Reich and Amundson (1985) also found that northern red oak seedlings were relatively insensitive to ozone exposures, and they attributed the lack of sensitivity to low leaf conductance limits on the passage of ozone to the leaf interior spaces. Grulke and Miller (1994) have also found a close correlation between leaf conductance and sensitivity to ozone.
Although internal ozone uptake might be expected to correlate more closely with photosynthetic response than external exposure indices, the linear relationship between Pmax and internal ozone uptake was not improved over that for Sum00. The relationship between relative Pmax and internal ozone uptake was also not improved with respect to the Sum00 relationship. Weber et al. (1993) found poor correlations between Pmax and ozone uptake, but they did not evaluate the data relative to seasonal leaf aging processes. Calculated estimates of internal ozone uptake based on interpolated average gl values may not accurately reflect the true rates of internal ozone uptake by plants.
The use of the peak-weighted cumulative index of exposure above 60 ppb (Sum06) did not produce a better fit to either the absolute Pmax or relative Pmax response surfaces for the mature tree data. The Sum06 index marginally improved the fit to the seedling Pmax and relative Pmax data. However, in the absence of an obvious threshold transition (e.g., nonlinearity) in the Sum00 response curves (Figure 3b) , we conclude that the Sum06 index is inappropriate for the northern red oak response. Differential molecular repair rates or the presence of variable leaf antioxidant concentrations could have contributed to the greater ozone tolerance of seedling foliage compared with mature foliage. Taylor et al. (1982) found that intervarietal differences in ozone sensitivity of soybean (Glycine max L. Merr.) could be explained only partially by differences in leaf conductance characteristics. They concluded that a residual interval resistance is responsible for the variable sensitivity observed. Enyedi et al. (1992) have also shown that differential foliar conductance by itself is not adequate to explain responses of sensitive and tolerant potato cultivars, but they could not attribute the differences to altered Rubisco characteristics. Luwe et al. (1993) have documented a role for ascorbate in the detoxification of ozone within leaves.
Extrapolation of seedling responses to mature forest trees
Several authors (Davis and Wilhour 1976 , Chappelka and Chevone 1992 , Davis and Skelly 1992 have summarized current knowledge of interspecific responses to ozone in lists or ranks that characterize a species' sensitivity to ozone. In these lists, based primarily on seedling response data, northern red oak is usually characterized as insensitive to ozone exposure. Our study suggests that seedling foliage responses may not reflect those of mature trees. Therefore, published rankings of a species' ''relative sensitivity'' to ozone may be misinterpreted if they are extrapolated beyond the species or age groups from which they were derived. Furthermore, even though our study concluded that seedling foliage was less sensitive to ozone than mature tree foliage, the opposite pattern has been observed for giant sequoia (Grulke and Miller 1994) . We caution against the arbitrary extrapolation of our results to other species.
